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Wetlands are critically important habitats that provide many ecosystem services but loss 
and degradation of wetland habitat and functions has led to the growing need to create and 
restore functionally sound wetlands.  In temperate climates, Typha spp. are an invasive plant 
genus that is problematic for mitigation efforts as it spreads quickly and aggressively into 
disturbed habitats and creates monotypic stands with dense rhizomes that are difficult to 
eradicate. Control is most often attempted through mechanical cutting or application of 
herbicide. In this study I surveyed four mitigation wetland vegetation communities in two years 
to determine species distribution and change at HANA, locate areas invaded by four emergent 
wetland species (Typha spp., P. arundinacea, P. australis, L. salicaria), and monitor manual and 
chemical control efforts. P. arundinacea cover was reduced 81% by herbicide application and 
Typha spp. cover was reduced 38% overall, with greater reduction through mechanical cutting 
than herbicide. I conducted experimental manipulations following control and found that 
leaving floating Typha debris in deep water ponds after cutting did not negatively impact 
ecosystem recovery, and that the addition of organic carbon (sugar) limited Typha growth by 
80% after herbicide, though I found no correlation between carbon addition and soil nitrogen 
to suggest nitrogen immobilization was the mechanism. Overall I found that there are many 
factors, including type of control, the post-control methods employed and the nutrient 
availability of the system, which significantly impact the recovery of aquatic and emergent 
wetland systems following control implementation. My investigations help to provide a better 






















Wetlands are habitats where water is the primary factor controlling ecosystem structure 
and function (Niering 1985). The United States Army Corps of Engineers (Corps) more 
specifically describes wetlands as “lands transitional between terrestrial and aquatic systems 
where the water table is usually at or near the surface or the land is covered by shallow water” 
(Corps 1987). Wetlands are found all over the world and variations in their soil, landscape, 
climate, hydrology, chemistry, vegetation and human disturbances combine to make many 
unique wetland habitats (EPA 2001). The ecosystem services provided by these wetlands 
include purification of air and water, regulation of rainwater runoff and drought, waste 
assimilation and detoxification, soil formation and maintenance, control of pests and disease, 
plant pollination, seed dispersal, nutrient cycling, maintenance of biodiversity for agriculture, 
provision of base materials for pharmaceutical research and development, climate stabilization, 
and moderation of extremes of temperature, wind, and waves (Pagiola et al. 2004).  From 
among these and other services, biodiversity support, water quality improvement, flood 
abatement, and carbon management have global significance (Greeson et al. 1979; Zedler and 
Kercher 2005). Costanza et al. (1997) estimated that wetlands provide nearly 40% of all 
ecosystem services globally, valued at ~13.2 trillion US dollars annually, but account for less 
than 9% of the total land cover worldwide (Zedler and Kercher 2005). Thus, wetlands are 
critically important ecosystems. 
 In spite of their importance, an estimated 53% of wetlands have been lost in the United 
States, mostly due to drainage for agriculture (Zedler and Kercher 2005) and even where they 
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remain intact, increased adjacent land use and human influences have caused degradation of 
wetlands and their functions (Dahl 1990).  With passage of the Clean Water Act in 1972 the 
Army Corp of Engineers and the EPA gained the ability to regulate human development of 
wetlands, which were officially classified as habitats with hydrophilic vegetation, hydric soil and 
appropriate hydrology (Corps 1997). It is critical to the preservation of wetland ecosystem 
functions and services that wetland destruction or degradation be mitigated by the creation or 
restoration of functionally sound wetlands in order to replace those services lost. A created 
wetland is one built where no wetland existed previously and restoration is where effort is 
undertaken to return the functionality to a degraded wetland (Spieles 2005). Often, mitigation 
wetlands suffer from immediate short-comings, including creation at sites that require large 
physical alterations to transform the hydrology, where the soil does not contain wetland 
species in its seed bank (Frieswyk and Zedler 2006), or where invasive species, some already 
present in the soil, are likely to take advantage of the disturbance (Zedler and Kercher 2005). 
These wetlands often have lower biodiversity and do not function similarly to the natural 
wetlands they are designed to replace (Kentula 1996; Street 1998).  
Wetlands are particularly susceptible to invasion (Zedler and Kercher 2005) as they are 
often subject to major changes to disturbance regimes in the form of wildfire suppression, 
changes in nutrient cycles from anthropogenic inputs, and alterations to hydrology, including 
water diversions, that can result in habitat openings and loss of resiliency as ecological 
communities adjust in response. Decreased stability in ecological communities can create an 
opportunity for aggressive, highly competitive species to thrive.  For example, agricultural and 
urban runoff typically contains nutrients like nitrate-nitrogen and phosphorus that lead to a 
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change in vegetation, which can affect the wildlife that relies on wetlands along with the ability 
of the wetland to mitigate flooding or filter water-borne contaminants (Zedler and Kercher 
2005).  
1.2 Invasion 
“Invasive species” are organisms that spread in space and have negative impacts in the 
new environment (Alpert et al. 2000). In this way, a species may be non-native but not invasive 
if it does not negatively impact its new habitat. Likewise, a native species may also become 
“invasive”. Changes in environmental conditions may cause both native and non-native species 
to become invasive; for example, if there is unusual rainfall or temperature, a non-native 
mutualist arrives, or through evolution (Alpert et al. 2000). Invasive non-native species are one 
of the most serious ongoing causes of biodiversity loss and habitat degradation worldwide 
(Vitousek et al. 1997; Wilcove et al 1998; Alpert et al. 2000; Pimentel et al. 2000). One reason 
plant invasion is detrimental to native ecosystem functioning is through lasting alterations to 
nitrogen (N) and carbon (C) pools (Liao et al. 2008) Even after removal, exotic species leave a 
legacy of ecosystem change (D’Antonio and Meyerson 2002; Tuchman et al. 2009) that can 
influence vegetation communities.   
Not all habitats are prone to invasion. In their review of invasion literature, Alpert et al. 
(2000) found five factors that were commonly believed to account for differences in invasibility 
among habitats: evolutionary history, community structure, propagule pressure, disturbance 
and stress. Among these, they found evidence to support disturbance (change from average 
environmental conditions) and stress (change in physical, chemical, or biological constraints on 
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productivity) as leading factors for plant invasions. Daehler (2003) also found disturbance and 
stress, in the form of nutrient and water availability, to be leading factors influencing the 
competition between native and invasive species. Maintaining a “natural” disturbance regime 
and reducing abundant nutrients (increasing stress) may reduce habitat invasibility, although 
the controlling factors are highly site-specific, i.e. what worked in one area may not work in 
another (Alpert et al. 2000, Daehler 2003). 
There is no unified description of the species traits that allow for successful invasion, 
though many agree that phenotypic plasticity and rapid dispersal are key components (Waters 
and Shay 1990; Calloway et al. 2003; Daehler 2003; Rejmanek et al. 2005; Pysek and Richardson 
2007; Ratushnyak et al. 2010; Webb et al. 2010). Phenotypic plasticity confers the ability to 
adapt to changes in ecological conditions and increases the diversity of habitats that a plant 
may successfully inhabit.  Rapid dispersal allows for increased rate of spread to novel habitats 
and primary colonization of disturbed areas. Both of these traits may confer resistant to control 
efforts. In their 2007 review, Pysek and Richardson found several traits that invaders possessed 
that enhanced their performance over native species in multiple studies, including vigorous 
spatial growth, greater fecundity, higher resource use efficiency, faster growth, greater 
resistance to herbivory, more efficient seed/fruit dispersal, and changes to flower phenology. 
These mechanisms can interact and reinforce one another, and are highly variable across 
species and habitats. This variability also adds difficulty to control efforts as the control must be 
tailored to every instance and no unified management plan can be developed.   
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Members of the plant genus Typha are problematic invaders in some wetlands.  
Commonly referred to as cattails, there are 15 described species and several hybrids found 
around the world. Typha spp. are found mostly in freshwater wetlands (Baldwin and Cannon 
2007; Apfelbaum 2001). In the United States there are four common species: Typha latifolia 
(broadleaf cattail, common cattail), Typha angustifolia (narrowleaf cattail, southern cattail), 
Typha domingensis (tall cattail), and Typha x glauca (a hybrid of T. latifolia and T. angustifolia). 
Typha are dominant in many aquatic systems, often found in dense monocultures, although it 
may also occur as individuals or mixed with other species such as Phragmites australis, Lythrum 
salicaria, Spartina spp., Acorus calamus, Scirpus spp., and Sagittaria latifolia (Grace and 
Harrison 1986; Baldwin and Cannon 2007). Though some Typha species are considered native, 
modified surface hydrology, wildfire suppression, and wetland nutrient enrichment promote 
Typha monocultures (Wilcox et al. 1985; Newman et al. 1998), which can be detrimental to 
ecosystem functioning.  
Typha has a number of characteristics that make it a successful invader.  They are wind 
pollinated and once fertilized, a single cattail head can produce as many as 700,000 seeded 
fruits, which are released into the air for windborne dispersion (Mitich 2000; Baldwin and 
Cannon 2007).  Being carried by the wind allows the seeds to disperse farther, and spread 
quickly into new habitats. Although the seeds need specific conditions (light, moisture, 
temperature etc.) to germinate, when conditions are unfavorable they may reside in the soil, 
forming a seed bank at densities of almost 1,000 seeds per square meter that can remain viable 
for about 100 years waiting for conditions to become favorable again (Sodja and Solberg 1993). 
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Cattail shoots and leaves grow prolifically in spring, followed by flower development and 
germination in early to mid-summer. After fertilization and release of mature fruit seeds in 
August or September, high clonal growth occurs. The spread of rhizomes and new shoots for 
the next year continue until the leaves senesce in late fall and the plant enters a dormant state 
for the winter (Sodja and Solberg 1993). Clonal growth allows Typha to spread, even if 
conditions are unfavorable for seeds. Leaves and stems either remain upright to form standing 
litter or fall to produce a ground layer of litter which can affect soil conditions (nutrients, light 
availability, moisture, and temperature) and thus seed germination of other species.  
 
1.3 Control of Typha 
Typha control can be difficult where cattails have formed large monocultures and dense 
rhizomal systems, which allows them to grow back quickly. Methods for control include 
chemical control such as herbicide application, physical removal such as cutting or pulling, 
physical damage such as disking, or crushing, prescribed burning, grazing, shading, water level 
manipulations, salinity alterations, biological controls and soil impoverishment (Baldwin and 
Cannon 2007, Sodja and Solberg 1993; Morgan 1994). However management is achieved, the 
effects can be short-lived and have often resulted in more vigorous growth in the long term 
(Kostecke et al. 2004), especially if not all Typha are killed (Sodja and Solberg 1993), and 
nutrient availability is high. Additional management such as water level manipulation after 
cutting to drown stems (Sodja and Solberg 1993) or planting/seeding of native species in areas 
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where seed banks have been diminished (Bakker and Berendse 1999) may be needed if initial 
efforts fail to eliminate invasive species entirely.  
1.5 Scope and Objective of Study 
 The overall objective of this work was to investigate the invasion by Typha in restored 
and created wetlands at HANA and to evaluate techniques to enhance common methods of 
control. In order to improve management of the wetlands a more thorough understanding of 
the mechanisms behind Typha invasion and Typha impact on its environment is needed. My 
specific objectives were: 
1) To characterize native and invasive vegetation in the natural and created wetlands 
2) To evaluate the spread and efficacy of mechanical and chemical control of Typha 
through monitoring 
3) To investigate the effect of Typha litter removal post control  
4) To determine the importance of nutrient availability on Typha growth during invasion 
and after removal at HANA 
5) To investigate the effects of post control addition of organic carbon on Typha 







Figure 1.1 Location of High Acres Nature Area in Finger Lakes region of New York State on 
eastern edge of Monroe County. Outlines of created wetlands at study site designated Area 
One North (A1N), Area One South (A1S), Area Two North (A2N) and Area Two South (A2S). 







Figure 1.2 Pathway model for potential effects of Typha litter, soil properties and allelopathic chemicals 
























Biodiversity loss is a critical issue that impacts ecosystem functionality and stability 
(Tilman 1996; Peterson et al 1998; Kennedy et al 2002; Balvanera et al 2006). Plant species can 
have a variety of functions in an ecosystem and with greater species richness, overlapping 
functions can confer resistance to changing species composition and environmental conditions, 
increasing community stability (Peterson et al 1998). Stability in an ecosystem is influenced not 
only by the species present but by the ecological history of the system, the evolutionary history 
of the species and the degree of overlap in species ecological functions (Peterson et al 1998). So 
while functionality may possibly be maintained at low levels of diversity (Schwartz et al 2000), 
the stability and resilience of those ecosystems are decreased, leaving them vulnerable to 
anthropogenic disturbances or to changes in environmental conditions. Increased plant 
diversity improves erosion control, nutrient cycling, consumer diversity and resistance to 
disturbance, stress and invasive species, leading to a more stable community (Balvanera et al 
2006). So while individual populations can fluctuate, community stability and productivity are 
enhanced and stabilized by greater diversity (Tilman 1996; Peterson et al 1998; Balvanera et al 
2006).  
Some of the factors that may influence species recovery and diversity in created or 
restored systems include the creation or restoration effort itself including location and soil type, 
replanting or seeding efforts and the site’s connectivity to other wetlands which can influence 
species recruitment (Zedler and Kercher 2005). Each of these factors can influence the 
establishment, survival and reproduction of native vegetation, often causing the plant 
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community in restored and created wetlands to differ from natural wetlands in terms of species 
richness (Galatowitsch and van der Valk 1996; Fennessy et al. 2008) and stability or 
functionality of the habitat (Tilman 1996; Peterson et al 1998; Kennedy et al 2002; Balvanera et 
al 2006), though differences between mitigated and natural wetlands are not consistent. Total 
plant species richness, diversity, and evenness can be greater at a mitigated site compared to a 
reference site (Balcombe et al. 2005, Scheiner 2011) or, after 5-7 years, the total vegetative 
cover and species richness of a restored wetland may be lower compared to natural wetlands 
(Seabloom and van der Valk 2003). Given enough time, mitigation wetlands may achieve 
functional equivalency with natural wetlands (Mitsch and Wilson 1996, Mitsch et al. 1999) 
although this assertion is a point of contention (Zedler and Calloway 1999). Monitoring of 
wetlands is often required to assess mitigation in accordance with federal regulations. Although 
vegetation is sometimes called into question as an ultimate indicator of mitigation success, 
vegetation surveys are frequently used as an efficient surrogate for biochemical condition and 
functionality (Breaux and Serefiddin 1999).  
Species richness and diversity is calculated irrespective of individual species and their 
native status or floristic quality, which limits the effectiveness these measures have on 
determining a habitat’s quality. Further analysis of species composition can be made through 
use of coefficients and indices. A coefficient of wetness based on indicator status (Table 2.1) is 
applied to species and indicates their fidelity to wetland habitat and is used to define wetland 
vegetation in wetland delineations. A species’ coefficient of conservatism (C) is a measure of 
the species fidelity to “natural” pre-European settlement landscapes (Herman et al 2001). 
Higher values indicate high fidelity native species with narrow ranges of ecological tolerances 
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while lower values indicate native species with broader ecological tolerances and low habitat 
fidelity or invasive species (Table 2.2). The Floristic Quality Index (FQI) is found by calculating 
the mean native coefficient of conservatism and multiplying by the square root of the total 
number of native species. Use of the mean coefficient of conservation and the FQI has several 
applications, including “(1) the identification of remnant native habitats of floristic significance, 
(2) the comparison of floristic quality among different sites, (3) long-term monitoring of floristic 
quality in natural areas, and (4) monitoring of habitat restoration” (Herman et al 2001). For 
wetland mitigation purposes, monitoring restored or created habitats and comparing them to 
other natural sites is often critical in determining success.  
High Acres Nature Area (HANA) is located in Monroe County, NY (N 43o 5’ 28’’, W 77o 
22’ 51’’), covers 240 acres, and is owned and managed by Waste Management LLC (WM). The 
site contains several diverse natural habitat types including herbaceous scrub/shrub, forested 
upland, forested wetlands, emergent wetlands and open water ponds. Original wetlands were 
previously drained for Erie Canal construction and agricultural use but following purchase by 
WM in 1986 the land was made open to the public. Since then several large ponds and 
emergent habitats have developed naturally and in 2009 four wetlands were created (Fig 1.1) 
as part of a mitigation agreement for the expansion of WM’s High Acres Landfill, located just 
south of the site. Each of the wetlands has subsequently been heavily invaded by Typha latifolia 
and Phalaris arundinacea and partially invaded by Phragmites australis, Typha angustifolia and 
Lythrum salicaria. Two deep water ponds, designated Area One North and South, were 
designed as emergent wetlands and were planted with native species (Alisma-plantago aquatic, 
Sagittaria latifolia, Pontederia cordata, Juncus effusus, Scirpus valudus) at their construction 
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and again in 2011. In 2010 and 2011, manual control of Typha spp. was undertaken in Area One 
South and Area One North respectively. The other two created wetlands, designated Area Two 
North and South, were designed as forested wetland and were planted with trees (Acer rubrum, 
Acer saccharinum, Querus bicolor, Salix nigra, Betula spp.) and shrubs (Cephalanthus 
occidentalis, Cornus amomum, Salix spp.). Spraying of glycophosphate herbicide occurred in 
both wetlands of Area Two in 2011 to control for Typha spp. and P. arundinaceae. No previous 
analysis of species richness and FQI has been published for this site.  
My objective was to determine plant species distribution in the created and natural 
wetlands at HANA, to locate areas invaded by four emergent wetland species (Typha spp., P. 
arundinacea, P. australis, L. salicaria), and monitor control efforts. My hypotheses were 
1) Invasive species cover will exceed the 5% maximum limit set by mitigation 
regulations,  
2) Mechanical cutting of Typha will have a greater effect on Typha cover than 
herbicide application 
3) Species diversity and FQI of mitigated wetland and emergent habitat will be 
different from the natural wetlands.  
 
2.2 Methods 
Using the geographic information system software ArcGIS (v. 9, ESRI), a 10 m by 10 m 
grid was created covering the natural and created wetlands on the study site. Between June 28 
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and August 20, 2011, 1,535 points were visited using a handheld GPS device (Garmin eTrex H). 
At each point we placed a 1 m2 quadrat and determined each plant species’ cover using an 
interval determination (1-5%, 6-24%, 25-49%, 50-74%, 75-94%, 95-99%, 100%). Vegetation 
height was measured in the NW, center and SE points of the quadrant. Water depth at the 
same locations was measured where applicable. Each point was also assigned a habitat 
category modified from the National Estuarine Research Reserve System of aquatic wetland, 
emergent wetland, herbaceous upland, scrub-shrub upland or forested upland (Table 2.3, 
Kutcher 2008). From 1 August to 20 September 2012, 240 random plots (15.6% of original) 
were re-assessed for species cover (Fig 2.1) in order to evaluate control efforts, including 
cutting of Typha in A1N pond and herbicide spraying of Typha and P. arundinacea in A2N and 
A2S.  
Plymouth Routines in Multivariate Ecological Research version six (PRIMER 6) was used 
to calculate the Shannon diversity index (H’) for each plot and SAS statistical software JMP® 
10.0 was used to conduct comparisons. Each cover interval was converted to the midpoint 
value for analysis (ex: 1-5% = 3%). Typha cover change in each wetland area between 2011 and 
2012 was analyzed using one-way ANOVA and paired t-tests to assess differences in cover 
between natural and created wetlands and to monitor change in each wetland’s cover over 
time. One-way ANOVAs were also calculated for species diversity, separated by habitat 
category (Aquatic Wetland, Emergent Wetland).   
Each plant species was also assigned a coefficient of wetness (Appendix 1) based on 
their wetland indicator status for Region 1 and the wetness index (W) was calculated for each 
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plot by summing the coefficients for species present and dividing by the total number of 
species. A coefficient of conservatism value for each species was also assigned using data 
compiled by the New England Interstate Water Pollution Control Commission for the state of 
New York (Bried 2011). For species not on the New York list, the state of Michigan Floristic 
Quality Assessment was used (Herman et al. 2001).  The Floristic Quality index (FQI) was 
calculated for each plot by calculating the native mean coefficient and multiplying by the 
square root of the number of native species, and the average found for each wetland. 
Comparisons of W and FQI for each created and natural wetland were done using One-way 
ANOVA.  
 
2.3 Results  
In 2011, 39.2% of surveyed plots contained one of the four invasive emergent wetland 
species: Typha spp., P. arundinacea, P. australis, and L. salicaria (Fig 2.2). P. australis almost 
doubled the number of plots it was found in, but a reduction in coverage within plots resulted 
in a total cover increase from 2011 to 2012 of 13.6% (Table 2.4). P. arundinacea had a 65% 
reduction in the percentage of invaded plots and a 47% reduction of the average cover within 
each plot, resulting in an 81% overall reduction in total cover, from 13.3% in 2011 to 2.5% in 
2012. While L. salicaria was found in a smaller percentage of plots in 2012, the cover within 
each plot increased 218%, leading to an overall increase in cover from of 37%.  
 There was a significant (p=0.006) reduction in overall cover of Typha at HANA following 
control efforts, however, the only significant reduction on a within-wetland level was in A2S 
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where Typha cover fell from 56.5 ± 9.9% to 14.2 ± 4.3% (p=0.0009, Fig 2.3). Change in cover in 
A2N was marginally significant (p=0.061), with a reduction from 23.5 ± 7.2% to 11.0 ± 4.6%. 
Mean cover in A1S was not significantly different (p=0.5799). In A1N there was no difference in 
cover (p=0.489) however a breakdown of the plots in A1N revealed that of the 11 plots 
surveyed that had Typha in 2011, 10 plots, all in deep water, had zero Typha cover in 2012 as a 
result of cutting in fall 2011, though Typha did appear at low density in some debris experiment 
plots (see Chapter 3) in the same pond.. The remaining invaded plot and two newly invaded 
plots, all along the edge of the pond, increased their cover from 2011 to 2012 an average of 18 
± 6%, which resulted in the no overall change in Typha cover across the site as a whole from 
2011 to 2012.  
Species diversity in wetland habitats in 2011 was not significantly different (p=0.2978) 
between the two created wetlands A1N and A1S or between the two created wetlands and the 
natural wetland area (Fig 2.4). In 2012, species diversity was greater (p=0.0197) in A1S (0.88 ± 
0.09) than in A1N (0.57 ± 0.06), though neither was different from the natural area diversity 
(0.51 ± 0.37). Species diversity in emergent habitat (Fig 2.5) was significantly greater (p=0.0152) 
in A2N (1.09 ± 0.03) than in A1N (0.90 ±0.08) in 2011, though not in 2012, and A2N species 
diversity in 2012 (1.48 ±0.09) was significantly greater (p=0.0079) than A2S (0.89 ± 0.17). 
Analysis of Wetland Index (Fig 2.8) for each plot revealed a strong distinction between 
upland and wetland designated plots, as expected. A1N and A1S had wetter values than A2N 
and A2S, which corresponds to Area One being defined as more aquatic wetland than emergent 
wetland (Table 2.3) as in Area Two, which is shallower and contains fewer submerged obligate 
19 
 
species. The natural wetland had a wider range of values, with some areas more closely 
resembling the aquatic wetland of Area One and some more similar to the emergent wetlands 
of Area Two (Fig 2.4). 
The FQI was highest in A1S, followed by A1N and A2N, with A2S having the lowest score 
of the mitigation wetlands, but all four had values greater than the natural wetland (Fig 2.9). 
Each wetland’s FQI decreased in 2012, though this may be a result of reduced sample size, as 
FQI has been shown to be sensitive to sampling area (Bourdaghs 2004). The disproportionately 
large drop in A1N however, may indicate actual decrease in ecological condition, rather than an 
statistical artifact due to reduced sample size.  
2.4 Discussion 
While Typha cover at HANA was reduced 50% from 2011 to 2012 through two control 
efforts (mechanical cutting in Area One and herbicide spraying in Area Two), the overall cover 
of emergent wetland invasive species in the mitigation wetlands at HANA (11%) remained 
above the 5% threshold for permit regulation. P. australis and L. salicaria cover in the wetlands 
increased, and may become a greater management issue if left uncontrolled in the future. 
However, monitoring did indicate an 81% reduction in P. arundinaceae and a 35% reduction in 
Typha from 2011 cover, indicating that control efforts were at least partially successful, though 
the success of each method of control was different for the two species. Mechanical cutting 
had the greatest effect on Typha while herbicide had a much better effect on P. arundinacea. In 
spite of this control, more effort will be required to achieve compliance with regulatory 
guidelines intended to improve created wetland function at HANA. 
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That Typha cover increased significantly within wetland edge plots where the only 
control was cutting of seed heads may indicate that Typha spread is more heavily reliant on 
ramet biomass and that cutting below the water line to interrupt plant access to oxygen is the 
more effective mechanical control (Sodja and Solberg 1993). Herbicide spraying may produce 
large short-term effects but likely only slows the process of Typha invasion if no additional steps 
are taken (Kostecke et al. 2004). This is different from herbicide’s effect on P. arundinacea, 
which resulted in a reduction in both number of plots invaded and the cover within each plot.  
Species diversity in the two restored wetlands of Area One was not significantly 
different from the natural wetland diversity, though the number of points surveyed in the 
natural areas was limited in both years of study. Spraying herbicide in Area Two did not appear 
to have a negative impact on overall wetland plant species diversity. Species diversity in 
mitigated wetlands at HANA suggests that the wetlands have obtained at least some functional 
equivalency with their natural counterparts in terms of vegetative community structure, 
however overall FQI for each wetland was low on the range of 0-100, ranging from between 9.7 
and 21.2 in 2011 and between 7.6 and 19.2 in 2012, though all four created wetlands index 
values were greater than that of the natural wetland. This may indicate that the created 
wetlands are equitable or better in ecological quality to their neighboring counterparts, but 
there is room for improvement all around. Increasing the cover of desirable wetland species 
and decreasing invasive species presence will improve the FQI. Continuing to survey the 
wetland species and increasing the sample size will improve also the quality of the analysis of 
the mitigation efforts, providing better information about which wetlands are improving or not 
improving ecologically and whether they compare to similar wetlands in the region. Expanding 
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the natural wetlands survey will improve this comparison and allow for better evaluation of 
vegetation dynamics in the mitigation wetlands.   
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Table 2.1 Wetland indicator status ratings and their rating categories, modified from the 
National List of Plant Species that Occur in Wetlands (Reed 1988). 
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Table 2.2 Definitions of values of coefficients of conservations for use in floristic quality 





Non-native with wide range of ecological tolerances. Often 
these are opportunistic of intact undisturbed habitats. 
1 to 2 
 
Native invasive or widespread native that is not typical of (or 
only marginally typical of) a particular plant community; 
tolerant of anthropogenic disturbance 
3 to 5 
 
Native with an intermediate range of ecological tolerances 
and may typify a stable native community, but may also 
persist under some anthropogenic disturbance 
6 to 8 
 
Native with a narrow range of ecological tolerances and 
typically associated with a stable community 
9 to 10 
Native with a narrow range of ecological tolerances, high 





Table 2.3 Habitat survey categories and definitions modified from National Estuarine Research 
Reserve System (Kutcher 2008).  
Habitat Definition 
Aquatic Wetland Dominated by plants that grow principally on 
or below the surface of the water 
Emergent Wetland Dominated by erect, rooted, herbaceous 
hydrophytes (excluding mosses and lichens) 
Herbaceous Upland Dominated by erect, rooted, herbaceous non-
hydrophilic flora 
Scrub-Shrub Upland Dominated by woody vegetation less than 6 m 
tall, including true shrubs and young trees 






Table 2.4 Invasive species cover data from habitat survey in 2011 and 2012 with overall change 





% plots % cover 
Total 
cover 
% plots % cover 
Total 
Cover 
Typha spp. 36.5 35.2 12.9 27.1 29.4 8.0 -38.0 
Phragmites australis 5.0 44.7 2.2 9.3 26.6 2.5 13.6 
Phalaris arundinacea 24.3 54.9 13.3 8.5 29.1 2.5 -81.2 











Figure 2.2 Presence of invasive emergent wetland species in 2011 at HANA: (a) Typha spp., (b) Phalaris arundinacea, (c) Phragmites 














Figure 2.5 Average (±SE) Typha cover in 2011 and 2012 by wetland and year. Significant 















































Figure 2.6 Shannon-Weiner plant diversity in aquatic wetland habitat for 2011 and 2012. The 































Figure 2.7 Shannon-Weiner plant diversity in emergent wetland habitat for 2011 and 2012. 
Similar letters above the bars indicate statistical similarity among values.  Letters a and b 




































Figure 2.8 Average (±SE) Wetness Index for four created wetlands (Area One North, Area One 
South, Area Two North, Area Two South) and Natural wetland. More negative value indicates 
greater prevalence of obligate wetland plant species. Similar letters below the bars indicate 



























Figure 2.9 Floristic Quality Index (FQI) for four created wetlands (Area One North, Area One 




































Invasive species are one of the most serious ongoing causes of biodiversity loss and 
habitat degradation worldwide (Vitousek et al. 1997; Wilcove et al 1998; Alpert et al. 2000). 
Invasion of wetlands by aggressive species such as Typha spp. (hereafter Typha) alters 
community dynamics, decreases biodiversity, and alters wetland functions (Zedler and Kercher 
2004) and may be facilitated by changes in hydrologic regime, hybrid vigor and especially 
nutrient pollution (Mclendon and Redent 1992; Torok et al. 2000; Woo and Zedler 2002).  
Invasive species like Typha are also difficult to control and manage once they have entered a 
new habitat, their quick growth and aggressive spread often necessitating complete eradication 
to prevent reestablishment, leading to large monetary and manpower expenses. Recovery of 
Typha invaded wetlands may be achieved by complete removal of the species or reduction of 
the species from complete monoculture to stable mixed community, though this is difficult to 
quantify and successful mitigation is often defined by vegetative cover requirements and 
invasive cover maximums. The successful mitigation of wetlands at HANA, as determined by the 
DEC, is predicated on greater than 85% cover of plant species and less than 5% of that cover 
can be of invasive species.  
Typha is a dominant plant in many aquatic systems, frequently occurring in dense 
monoculture, but may also occur as individuals or mixed with other species such as Phragmites 
australis, Lythrum salicaria, Spartina spp., Acorus calamus, Scirpus spp., and Sagittaria latifolia 
(Grace and Harrison 1986; Baldwin and Cannon 2007). T. latifolia is native to North America and 
found throughout the continent from Mexico to Canada in the wet or saturated soils of 
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marshes, streams, reservoirs, wet meadows, lakeshores, pond margins, roadside ditches, and 
bogs (Grace and Harrison 1986; Mitich 2000). Typha species provide many benefits to wetlands: 
nesting material and habitat for wetland bird species, food and shelter for muskrat, ring-necked 
pheasants, moose, elk, and white-tailed deer, stabilization of shorelines and channels to reduce 
erosion, protected spawning areas for fish, and reduction of salinity in rice fields (Baldwin and 
Cannon 2007; Apfelbaum 2001).  
Typha is a phenologically adaptable “opportunist” (Zedler and Kercher 2004) that can 
become an aggressive invader of disturbed systems when released from nutrient limitation 
(Galatowitsch et al 1999; Zedler and Kercher 2004; Vaccaro et al 2009). Elevated N availability 
in wetlands promotes invasion in wetlands by a number of species, including Typha (Newman 
et al. 1996; Torok et al. 2000; Svengsouk and Mitsch 2001; Green and Galatowitsch 2001 and 
2002; Silliman and Bertness 2004; Zedler and Kercher 2004; Tyler et al. 2007; Larkin et al. 2012).  
The spread of Typha domingensis Pers. in the Everglades is facilitated by P loading and the 
ability of the species to adapt to increased water depths and extended hydroperiods (Newman 
et al 1998). Although considered a native species with some positive ecological benefits, T. 
latifolia can become an aggressive invader of disturbed or created habitats and invasion is 
facilitated by clonal growth, which allows Typha to spread even if conditions are unfavorable 
for seedlings. The resulting dense monotypic stands lead to undesirable changes in ecosystem 
function, including decreased native plant diversity (Angeloni et al 2006; Vaccaro et al 2009), 
decreased nutrient filtration, increased siltation, obstructed travel, increased hindrance to 
fishing and other recreational activities, increased breeding ground for mosquitoes, and 
increased water loss via evapotranspiration in fields and reservoirs (Mitich 2000).  
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Current standard methods for invasive plant control include mechanical (water level 
control, crushing, shearing, grazing, burning), chemical (herbicide), and biological (herbivore 
introduction) approaches (Sodja and Soldberg 1993; Apfelbaum 2001). The problems with these 
methods include high financial and manpower costs as well as unintended negative effects to 
native species, making control efforts limited and difficult to maintain. It is also unclear if dead 
Typha material left after control efforts decreases the success of ecosystem restoration by 
impacting soil or water chemistry, decreasing native species recolonization or increasing Typha 
cover through Typha litter’s physical or chemical characteristics and if additional non-chemical 
efforts can be made to improve recovery.  
As a form of C input to the environment, Typha litter has been used to increase nitrogen 
(N) uptake in wetlands (Ingersoll and Baker 1998; Wen et al 2010), however Typha’s high 
production of litter can also have a negative effect on native species and promote Typha spread 
by increasing soil ammonium (NH4
+), nitrate (NO3
-), phosphate (PO4
3-), sediment organic matter 
(SOM) and hypoxia, decreasing light penetration to the soil surface and acting as a physical 
barrier to native seed germination (Jordan et al. 1990; Facelli and Pickett 1991; Berendse 1999; 
Xiong and Nilsson 1999; Angeloni et al. 2006; Farrer and Goldberg 2009; Tuchman et al. 2009; 
Vaccaro et al. 2009; Ehrenfeld 2010). The negative effects of Typha litter on native species may 
be furthered by the slow decomposition of Typha litter relative to native species litter, and the 
rapid appropriation of nutrients from Typha litter by live Typha due to greater uptake efficiency 
(Larkin et al. 2012). Typha may also release allelopathic organic compounds (passively, actively 
or through litter decomposition) that affect the growth, development and/or reproduction of 
potential native competitors (Einhellig 1995; Jarchow and Cook 2009). Addition of activated C 
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to Typha angustifolia and Bolbosonuenus fluviatilis (River bulrush) differentially influenced the 
growth of the two species grown together, favoring B. fluviatilis (Jarchow and Cook 2009). The 
activated C addition was believed to adsorb the hydrophobic organic allelochemicals that 
benefited T. angustifolia. 
A potential method to gain the benefits of C addition through N immobilization without 
the negative impacts of Typha litter is through the removal of Typha litter and addition of 
organic carbon (C) to the system. The form of C added (available C: plant litter, sawdust, 
glucose/sucrose; unavailable: activated carbon), along with the C:N ratio of the material can 
elicit different effects depending on the nature of the competitive interaction between the 
species (Morgan 1994; Alpert and Maron 2000; Corbin and D’Antonio 2004; Hill and Cardaci 
2004; Perry et al. 2004; Eschen et al. 2007; Rashid and Reshi 2010). Because labile organic C is 
often the limiting resource for denitrifying microbes in aquatic systems (Seitzinger 1998), 
adding C, in the form of sucrose or sawdust may increase soil microbe activity (Eschen et al. 
2007). Thus, reducing N availability by increasing microbial N immobilization can limit the 
competitive advantage of opportunistic invasive species in nutrient enriched ecosystems and in 
turn promote native species growth (Alpert and Maron 2000; Baer et al. 2003; Blumenthal et al. 
2003; Perry et al. 2004; Prober et al. 2005; Clark and Tilman 2010; Rashid and Reshi 2010).  
The objectives of this study were to investigate the effect of Typha litter removal post 
manual and chemical control, to determine the importance of nutrient availability on Typha 
growth during invasion and after removal at HANA, and to investigate the effects of post 
control addition of organic carbon on Typha elimination and native species recovery. My 
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hypotheses were (1) that debris left in deep water ponds would negatively impact soil and 
water chemistry, promoting Typha regrowth and suppressing native species growth, (2) Typha 
litter in shallow emergent systems would promote Typha growth and suppress native species, 
(3) the addition of both N and P would promote Typha growth following herbicide control, and 
(4) the addition of organic carbon in the form of sawdust or sugar would suppress Typha 
growth through immobilization of soil N.  
3.2 Methods 
3.2.1 Effect of Typha debris following manual control 
  Dense cattail stands in the Area One North (A1N) and Area One South (A1S) ponds were 
mechanically cut in July 2010 and September 2011, respectively. All material was left in the 
ponds where it formed floating mats of debris. On July 20, 2011, 4 blocks of 3 plots, each 3 m by 
3 m, were enclosed in the A1S pond using plastic 1” mesh netting 1.5 to 2 ft tall secured to PVC 
pipes using zip-ties. The blocks were spread north-south and two plots of each block were 
placed within the floating debris; the debris was removed from one plot and left intact in the 
other. The third plot was placed outside the edge of the debris. Two additional plots were 
created outside the floating debris without netting to control for the effect of netting on water 
flow and grazing of emergent vegetation by geese. In A1N pond, 16 similar treatment plots, 
arranged in two blocks north-south, were established September 29, 2011. Eight plots were 
placed within the debris field where four had their debris removed and eight were placed 
outside the debris field where four had an equivalent areas worth of debris added to evaluate 
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the effect of debris on uninvaded areas. Two control plots similar to ones in A1S were also 
established within the debris field.  
 Soil and water samples were collected for Area One South plots on 7/28/2011, 
9/17/2011, 6/14/2012 and 9/29/2012 and for Area One North plots on 6/14/2012 and 
9/29/2012. Water samples were collected at four locations within each plot, 0.5 m from the 
edge at a depth 20-25 cm from the sediment surface, using a 60 mL syringe and filtered on site 
with 0.45 µm filters into Whirlpak® bags and stored at -20o C until analysis. NO3
- and PO4
- were 
measured using a Lachat Quikchem 8500 autoanalyzer with cadmium reduction and ammonium 
molybdate methods, respectively (Lachat 2003). NH4
+ was measured using the phenol-
hypochlorite method (Solarzano and Sharpe 1980). Sediment cores (8-10) cm were taken at two 
locations within the plot using an augur and stored in Whirlpak® bags  at -20o C. SOM content 
was determined gravimetrically by “loss on ignition” (Heirie et al. 2001). Dissolved oxygen (O2) 
concentration, percent saturation and water temperature readings were taken concurrently 
with the water and soil samples using a Hach HQ40d meter (LDO101 probe) at four locations at 
a depth of 15 cm in A1N and at 15 and 30 cm deep in A1S. Stem counts of Typha spp. and 
emergent native plants were also made while submerged aquatic species were evaluated for 
percent cover as a group.  
In A1N, water column NH4
+ and SOM were analyzed using analysis of variance (ANOVA) 
with location (inside or outside of eradicated cattail stand) and debris (presence or absence) as 
fixed factors. Typha density, submerged aquatic vegetation (SAV) cover, and emergent density 
were analyzed using three-way ANOVA with the same fixed factors and all interaction terms. O2 
41 
 
measurements couldn’t be taken in summer 2012 due to equipment failure, so in A1N only the 
fall measurement was analyzed using a two-way ANOVA with Debris and Location as fixed 
factors and block as a random effect. In A1S, NH4
+ and SOM were analyzed using a two-way 
ANOVA with Date and Treatment as fixed factors and block as a random effect. O2 was 
supersaturated in A1S in fall 2012 so only 2011 data was analyzed with a three-way ANOVA 
with Time, Treatment and Depth as fixed factors and block as a random effect.  
3.2.2 Effect of fertilization and use of carbon as control in herbicide treated wetlands 
 On June 16, 2012, 64 plots were delineated using PVC pipes in Area Two South in a full 
factorial randomized block design. Each of the 16 blocks was 2 m by 3 m and contained six 0.5 
m by 0.5 m plots (Fig 3.1). The blocks were treated randomly with nitrogen only (+N), 
phosphorus only (+P), N and P together (+N/+P) or left unfertilized. The fertilizer treatments (20 
g N m-2 ammonium chloride and 2 g P m-2 sodium phosphate, 10:1 g N:P (Bevington 2007; 
Sorrell 2010)) were applied on 6/16/2012, 7/24/2012, and 9/7/2012, and were injected into the 
soil using perforated 15 mL centrifuge tubes (Tyler et al, 2007). Typha litter was initially 
removed from all the plots to standardize starting condition and each plot was randomly 
applied with a carbon treatment of no carbon addition, 3-4” dry Typha litter, 18 1” vinyl strips 
(as artificial litter), sucrose, oak/maple sawdust mixture or activated carbon pellets (Black 
Magic© Super Activated Carbon). Typha litter and the artificial litter were haphazardly placed 
across the plot and then secured with 1 layer of 1” mesh garden netting to prevent loss by 
flooding or wind. The sucrose, sawdust and activated carbon treatments were added with a 
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one-time application at establishment of 250 g C m-2 (Eschen et al. 2006) and were gently mixed 
into the substrate with the use of a spade.  
 Measurements of stem density and height for each Typha plant within each subplot and 
native species percent cover were made on 6/16/2012, 7/24/2012, 9/7/2012, and 10/6/2012. 
On 10/6/2012 two 8-10 cm sediment cores were collected from each subplot. A subset of soil 
samples was analyzed to determine the effect of carbon addition and effect of fertilization 
separately by comparing samples from carbon addition control plots within each fertilizer 
treatment block and comparing samples from every carbon treatment plot within each fertilizer 
control block. Two 2 g subsamples from each core were shaken with 2M KCL to extract NO3
- and 
NH4
+, filtered with G8 glass fiber filters (Lachat 2012).  Extractable NO3
- was measured using a 
Lachat Quikchem 8500 autoanalyzer with cadmium reduction (Lachat 2003) and extractable 
NH4
+ was measured using the phenol-hypochlorite method (Solarzano and Sharp 1980). Soil 
NH4
+ and NO3
- were analyzed using regression against fertilizer type, carbon treatment, Typha 
density, Typha height, Typha biomass, native species richness, native species cover and non-
native species cover. On 10/6/2012 236 Typha stems were cut at the sediment surface, dried 
and weighed to determine above ground biomass and plotted against height using an 
exponential regression to determine a predictive relationship between stem height and stem 
biomass. Because resulting equations were similar for all fertilizer treatments, all plants were 
pooled for the final model calculation. Cover of all species other than Typha found within each 
plot was summed separately for native species and the two most common non-native wetland 
invasive species Phalaris arundinacea (Reed Canary Grass) and Lythrum salicaria (Purple 
Loosestrife). Typha stems less than 35 cm were included in the calculation for stem density but 
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removed when calculating mean stem height. Two-way ANOVA with fertilizer type and carbon 
type as fixed factors was run on Typha stem density, Typha stem height, total Typha biomass, 
native species richness, native species cover, and non-native species cover.  
3.2.3 Statistical analysis 
All statistical analyses were conducted using SAS statistical software JMP® 10.0. 
Normality was determined using the Shapiro Wilk test and transformations made as necessary. 
Typha litter, artificial litter and activated carbon treatments were evaluated together against 
the no carbon amendment to evaluate the effects of Typha litter. Sawdust and sugar 
treatments were evaluated against the no carbon amendment to evaluate the use of carbon 
addition as an additional control method. Significant differences for all analyses were evaluated 
post-hoc using Tukey’s Honest Significant Difference (HSD) test. 
3.3 Results 
3.3.1 Typha debris effects on deep water ponds 
The concentration of NO3
- and PO4
- was below the limit of detection for all sites and 
dates and is not shown or discussed further. NH4
+ in A1N was nearly 15 times lower (Table 3.1, 
p = 0.0008) in June than September, with no effect of debris or stem presence (p=0.3624 and 
p=0.5803 respectively Table 3.1, Fig 3.2). SOM in A1N was not affected by the presence of 
debris (p=0.4346), nor did it change significantly over time (p= 0.1166). SOM inside the stand 
(13.3 ± 0.5%) was marginally greater (p=0.0543) than SOM in plots outside the previous extent 
of the stand (11.9 ± 0.5%).  O2 concentration was not significantly affected (p=0.1029) by 
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presence or absence of Typha debris in A1N, but the presence of belowground biomass was 
increased the mean O2 by 31% (p<0.0001).  
The density of Typha stems was small (0-3.75 stems m-2), but the effect of location was 
significant (Fig 3.3; p=0.0297), resulting in 13 times the number of Typha stems per m2 inside 
the debris field than outside. The effect of debris was marginally insignificant (p=0.0826) with 
the mean number of Typha stems m-2 5 times greater with debris than without debris. The 
percent cover of SAV was not significantly affected by Typha debris or belowground biomass, 
but decreased by 20% (p=0.0076) from June to September. There was a small but significant 
cage effect (p<0.0001), with 5% more SAV in the caged plots than the un-caged control. The 
density of emergent species (other than Typha) was 70% lower (p=0.0475) in plots without 
debris than plots with debris.  
 In A1S, there was a significant interaction between Block and Date for NH4
+ (p=0.0017), 
with 2.5 times higher values in fall than summer in blocks 2 and 3 than blocks 1 or 4, but no 
effect of debris treatment (Table 3.2). SOM (Fig 3.5) was 17.5% higher in debris plots than in 
removal plots, 27% higher in debris plots than outside plots (p=0.0003) and was highest in the 
southernmost part of the pond (Block 4) (p=<0.0001) by up to 187% relative to the other blocks. 
SOM in September 2011 (9.13%) was somewhat (p=0.0492) greater than in June 2011 (7.99%) 
but did not change significantly between years. No interaction terms were significant. No Typha 
or other emergent species occurred in any of the plots and SAV cover did not vary significantly 
between treatments, blocks or over time.  
3.3.2 Fertilization and carbon effects on Typha and native species 
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This study contributed to growing literature on the importance of nutrients in wetland 
invasions and the growing concept of nutrient manipulation through carbon addition playing a 
role in combatting invasion through changes to the native-invasive species dynamics. While 
examining the effect of fertilization on Typha regrowth, I found that Typha stem density (Fig 
3.6a, Table 3.3) was 78% greater in +N/+P treatments than in unfertilized plots (p=0.0168) and 
+N and +P alone were not significantly different from either +N/+P or unfertilized plots. Typha 
biomass (Fig 3.6b) was also 127-134% greater under +N/+P than the unfertilized +P. +N biomass 
was not significantly different from any other fertilizer treatment. Typha height (Fig 3.6c) was 
not significantly affected by fertilizer or the presence of Typha, artificial litter or activated 
carbon. No interaction between these carbon types and fertilizer was significant for any Typha 
variable. None of the Typha determinate carbon treatments were significantly different from 
removed for native species richness (Fig 3.6d) but artificial litter addition plots had 2 times 
higher richness than activated carbon plots. Mean native species cover (Fig 3.6e) was 
significantly (p=0.0018) affected by carbon treatment, cover was 2 times greater in Typha and 
artificial litter addition plots than in removed only plots. Native cover in Typha and artificial 
litter plots was not significantly different from each other and activated carbon plots’ native 
species cover was not significantly different from the removed only or artificial litter addition 
plots, but was reduced compared to the Typha litter addition plot cover. Mean non-native 
species cover (Fig 3.6f) was 3 times greater in +N/+P plots than +P plots (p=0.0084), though no 
fertilizer treatment was different from the unfertilized plot cover. Carbon type had a significant 
effect (p=0.0004) on non-native species cover with activated carbon addition plots having up to 
3 times greater cover than artificial litter addition or Typha litter addition, though no treatment 
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plot was different than the removal only plots. No carbon/fertilizer interaction effect was 
significant for any non-Typha variable.  
 In evaluating the effectiveness of carbon addition as control, no effect of carbon 
addition, fertilizer or their interaction was found on Typha stem density (Fig 3.7a, Table 3.3). 
Typha biomass (Fig 3.7b) was significantly different (p=0.0172) by fertilizer treatment, with 
+N/+P plots having 144% greater biomass than +P plots though neither were significantly 
different from +N plots biomass or biomass in unfertilized plots. The type of carbon added was 
not a significant factor, but the carbon and fertilizer interaction was significant (p=0.0265). In 
plots fertilized with +N/+P the addition of sugar reduced Typha biomass 80% from 614.9±74.4 g 
m-2 to 121.6±67 g m-2, indicating that the carbon effect becomes important only when nutrient 
levels are high. Typha height (Fig 3.7c) was reduced 20% in +P plots from unfertilized. +N/+P 
and +N were not different from unfertilized Typha heights. Carbon had a marginal effect 
(p=0.0549) on Typha height, with sawdust and sugar heights only 10% less than removal only. 
No effect of carbon, fertilizer or their interaction term was found on any non-Typha variable 
(Fig 3.7d, e and f). 
While mean soil NO3
- was lowest in sugar treatments, low replication resulted in high 
variability and statistically indistinguishable means (Table 3.4). No significant difference was 
found for the effect of fertilizer type on soil NH4
+ and NO3
- either, though mean NO3
- was 7X 
greater in +N/+P than unfertilized, +N or +P, the difference was not significant. Increases in 
native species richness was correlated with decreasing soil NH4
+ (p=0.034) and non-native 
species cover also increased with decreasing soil NH4
+ (p=0.050, Table 3.5) 
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3.4 Discussion  
Overall I found unexpected effects of Typha litter on control success and native species 
recovery in both deep water and shallow emergent wetland systems, where the presence of 
Typha litter had a more beneficial than negative effect on native species. My investigation into 
nutrient availability effects on control efforts and the potential for improved control through 
organic carbon addition did reveal significant results that will help improve management of 
mitigation wetlands.  
In contrast to recent studies (Vaccaro et al. 2009; Farrer and Goldberg, 2009) and earlier 
meta-analyses of litter impacts (Xiong and Nilsson 1999; Facelli and Pickett 1991) showing a 
substantial effect on soil chemistry and vegetation community structure, I observed little effect 
of remaining Typha debris in my deeper water sites following mechanical removal. Typha debris 
had no significant effect on water or soil chemistry in A1N, where the plots were followed for 
one year, but did result in slower removal of SOM in A1S. Oxygen concentration was not 
severely impacted by debris decomposition as hypothesized, but rather the presence of relict 
belowground biomass increased the oxygen levels in the pond.  
The number of live Typha stems in plots with debris was greater than in plots without 
debris but the presence of Typha was more influenced by the presence of belowground 
biomass, suggesting either that new seedlings are more successful in previously vegetated 
environments and/or were not affected by litter, or that the relict belowground biomass was 
not entirely killed and clonal regrowth allowed for new Typha shoots to emerge.  The latter is 
highly likely, given the facilitative role of vegetative growth in Typha invasion as suggested by 
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Travis et al.’s (2011) study of the hybrid T. x glauca’s initial invasion success through vegetative 
recruitment (spread of clonal rhizomes).  The success of native emergent vegetation in debris 
plots was surprising and without a clear mechanism. A more detailed and long term 
investigation of debris effect on water and soil chemisty may provide an explanation. Though 
harvesting of debris is recommended in highly productive areas of constructed wetlands 
(Alvares and Beccares 2006), my results suggest that in deeper water removal of cut stems after 
physical control efforts has no positive impact on recovery and may instead inhibit native 
species regrowth within the pond and add unnecessary cost. 
In my shallow water site, I saw a similar positive effect of litter on native species cover. 
This was unexpected, as previous studies have shown the opposite; litter can limit native plant 
diversity (Foster and Gross 1998; Vaccaro et al. 2009) in many cases by altering the 
microenvironment and creating unfavorable conditions for native seedling germination and 
establishment (Vacarro et al. 2009; Clark and Tilman 2010), which may generate a feedback 
that promotes further invasion (Eppinga and Molofsky, 2013). My results, however, showed no 
overall detriment to native species from the presence of Typha debris, but did reveal a 
relationship between soil NH4
+ and native cover. However, no effect by any litter type or carbon 
amendment on soil NH4
+ was found, so no direct link between carbon addition and native 
species cover could be made.  
The summer of 2012, in which this study was conducted, was the third hottest summer 
on record (NOAA 2012), with above normal temperatures continuing through October. Under 
these conditions, shading by litter may have been beneficial to native species, explaining the 
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increase in native cover compared to unshaded plots. Shading by debris could also have 
reduced temperatures in the deeper aquatic wetlands in Area One, assisting native species 
growth in that habitat as well. Although Typha litter’s effect on specific native species was 
generalized in this study, litter effects have been shown to be species specific, with annual/ 
non-clonal herbaceous plants more vulnerable due to their smaller belowground biomass 
(Vacarro et al. 2009). Water availability, which may have been influenced by the warmer 
temperatures and presence of litter, was another factor not considered in my study that has 
been known to influence native/invasive competition (Daehler, 2003). Additional stress due to 
warmer temperatures may have benefitted stress tolerant species with large root systems like 
Typha. Litter may also have cooled surface temperatures and reduced evaporation and thus 
benefiting native species instead of inhibiting them. 
 Nitrogen and phosphorus together increased Typha stem density and nearly doubled 
Typha biomass, which is consistent with previous studies and the hypothesis of invasion 
facilitated by release from nutrient limitation (Gross 1995; Fennessy et al. 2008; Larkin et al. 
2011) and indicates nutrient availability also significantly impacts control efforts and system 
recovery. While limiting nutrient availability may suppress Typha, nutrient manipulation alone 
may not fully encourage native species recovery, as I found no significant difference in native 
species cover or diversity due to nutrients. Neill (1990) described divergent responses to 
nutrients by dominant and understory species in a prairie marsh that may indicate that the non-
dominant species’ growth was influenced by factors other than nutrient competition, like 
reduced light penetration or reduced surface temperature, factors which may be more 
influenced by standing or fallen Typha litter than nutrient availability. Bleier and Jackson (2007) 
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found that plant biomass in grassland was not related to inorganic N availability and they 
hypothesized that SOM content’s influence on water-holding capacity or surface temperature 
of soil had greater influence. Wetzel et al (1998) investigated species interactions between T. 
latifolia, P. arundinacea and Carex stricta and found that canopy structure was more important 
in determining biomass allocation between the species than nutrients. These other factors may 
be responsible for the increase in native species growth observed in Typha litter treatments, 
indicating shading was a major factor influencing growth of native species at the site. 
Allelopathy as a mechanism for Typha dominance over native species at HANA was not 
supported by my investigation. There was no significant increase in native species growth or 
reduced Typha growth in plots where activated carbon was added to block allelochemicals, as 
seen in previous studies (Jarchow and Cook 2009). This interaction may play a larger role in 
ecosystems stressed from low nutrient availability. The cost of activated carbon ($3.73 m-2) was 
also significantly greater than the cost for sugar ($0.78 m-2) or sawdust (acquired for free from a 
local sawmill, however larger amounts for a whole wetland application may incur a cost). The 
cost of herbicide application ($0.02 m-2) is 1/40 that of sugar, and so may be considered the 
most cost-friendly method of control, though its effectiveness for Typha control is limited, but 
did work well for controlling P. arundinacea (see Chapter 2).  
 The effect of organic C addition on plant communities is well documented in terrestrial 
ecosystems, with reduced invasive plant biomass in grasslands (Morghan and Seastedt 1999; 
Alpert and Maron, 2000; Clark and Tilman, 2010), prairies (Wedin and Tilman 1990; Blumenthal 
et al. 2003) and grassy woodlands (Prober et al. 2005) and increased species richness in 
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sagebrush (McLendon and Redente 1992). In this emergent freshwater wetland, Typha biomass 
was not differentially affected by carbon addition irrespective of fertilization, but under +N/+P 
(which had the greatest biomass overall) the addition of sugar reduced biomass 80%. However, 
as no significant relationship was found between carbon addition and soil NH4
+ or NO3
- levels, it 
is impossible to state definitively that microbial N immobilization lead to the decrease in 
growth, as demonstrated in some studies where carbon addition reduced soil NO3
- , leading to 
changes in the native/non-native interaction (Torok et al. 2000; Baer et al. 2003; Blumenthal et 
al. 2003; Perry et al. 2004; Prober et al. 2005; Bleier and Jackson, 2007; Eschen et al. 2007). 
Others have shown a negative effect of carbon on native species in the absence of an effect on 
N availability (Alpert and Maron 2000). Even where carbon has been shown to influence species 
interaction, its effectiveness as a control was limited. Sugar specifically has been shown to 
promote N immobilization in grasslands initially (Bleier and Jackson 2007) but the effects were 
short term (<6 months), except where sugar was applied in extremely high volume (5 kg m-2). 
My study used a one-time application of sugar (250 g C m-2) and was relatively short (112 days) 
so the effects may be temporary. A longer term study to optimize the application method is 
required to maximize control benefits. Blumenthal et al. (2003) found that N immobilization 
appears to persist only where C addition is sufficiently high and Torok et al. (2008) found that 
higher levels of C addition may be required to affect N availability in high OM soils. Like others 
(Bakker and Berendse 1999; Eschen et al. 2007) I would recommend optimizing C application 
and coupling with species-rich seeding until natives are well established for the best recovery 






In summation, I found that post-control efforts have a significant impact on the success 
of system recovery. The removal of cut Typha material did not significantly improve system 
recovery in deep water ponds or shallow emergent systems. Leaving material in place actually 
improved native species response, though this may be a result of meteorological conditions 
unique to the time and place of the study, but indicates wetland management must be highly 
dynamic and site-specific.  I also found that nutrient availability had a significant impact on 
control efforts and system recovery, contributing to regrowth of Typha, and that this can be 
partially countered through the addition of readily available carbon. The success of adding 
organic C in the form of sugar following herbicide may assist managers to improve their control 
of invasive Typha.  
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Table 3.1 F statistics of three-way ANOVA with Debris, Location, and Time as fixed factors with all interaction terms for NH4
+, SOM 
%, Typha stem density, SAV Cover % and Emergent stem density and two-way ANOVA of Debris and Location and their interaction 
for Oxygen concentration for A1N. Significant effects indicated by asterisks (*** P < 0.001,** P< 0.01, * P<0.05). 
 
Table 3.2 F statistics of three-way ANOVA with Treatment, Depth, and Time as fixed factors with all interaction terms for oxygen 
concentration and two-way ANOVA of Treatment, Time and their interaction for NH4
+ and SOM %  for A1S. Significant effects 
indicated by asterisks (*** P < 0.001, ** P< 0.01, * P<0.05). 
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Table 3.3 F statistics of two-way ANOVA with Fertilizer and Carbon as fixed factors and the 
interaction term, with results divided by Typha Effect treatments (Typha litter, Artificial litter, 
Activated, Removed; Error df: 48) and Organic Carbon treatments (Sawdust, Sugar, Removed; 
Error df: 36). F statistics with significance indicated by asterisks (*** P < 0.001, ** P< 0.01, * 
P<0.05). 
 
  Typha Effect Organic Carbon 
  df F         df F 
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Table 3.4 F statistics of one-way analysis of extractable NH4
+ and NO3
- from soil samples in 
organic carbon treatments and fertilization treatments. 
       Carbon       Fertilizer  
 df F P df F P 
Soil NH4
+ 5,18 0.47 0.79 3,12 3.14 0.07 
Soil NO3
- 5,18 0.89 0.51 3,12 2.39 0.12 
       
 
 
Table 3.5 Results of regression analysis of Soil NH4
+ and NO3
- against Typha density, Typha 
biomass, Typha stem heights, native species richness, native species cover and non-native 




 df R2 P df R2 P 
Typha Plot Biomass 1,34  0.050 0.194 1,34  0.010 0.564    
Typha Density 1,34  0.083 0.093 1,34  0.000 0.957 
Typha Stem Heights 1,34 0.009 0.586  1,34  0.046 0.217 
Native Species Richness 1,34 0.129 0.034* 1,34 0.021 0.694 
Native Species Cover 1,34 0.002 0.819 1,34 0.010 0.571 









Figure 3.1 Experimental setup for fertilization and carbon addition experiment, letters 













Figure 3.2 Average (±SE) NH4
+ (mg N/L, a), sediment organic matter (%, b) measured in A1N 
during the Summer (6/14/2012) and Fall (9/29/2012) and O2 (mg/L, c) measured in the Fall at 
15 cm depth, separated by fixed factors of location either inside or outside the previous Typha 
stand extent and presence or absence of Typha debris. Significant (p<0.05) effect of location 
indicated by single asterisk, significant (p<0.05) effect of date indicated by double asterisk, 
significant (p<0.05) effect of debris indicated by triangle. 
  















































































Figure 3.3 Average (±SE) Typha density (stems m-2, a), cover of submerged aquatic vegetation 
(SAV, %, b) and native species emergent density (stems m-2, c)  measured in A1N during the 
Summer (6/14/2012) and Fall (9/29/2012), separated by fixed factors of location either inside 
or outside the previous Typha stand extent and presence or absence of Typha debris. 
Significant (p<0.05) effect of location indicated by single asterisk, significant (p<0.05) effect of 
date indicated by double asterisk, significant (p<0.05) effect of debris indicated by triangle.  
 
  







































































Figure 3.4 Average (±SE) O2 (mg/L) measured in A1S during the Summer (7/28/2011) and Fall 
(9/17/2011) at depths of 15 and 30 cm (a and b) below water surface in plots either outside the 
field of debris (Outside) ,inside the field with the debris removed (Removed) or inside the field 

















































Figure 3.5 Average (±SE) sediment organic matter (%, a) and NH4
+ (mg N/L, b), measured in 
2011 and 2012 in both Summer (7/28/2011, 6/14/2012) and Fall (9/17/2011, 9/29/2012) in 
plots either outside the wrack (Outside), inside with the wrack removed (Removed) or inside 



















































Figure 3.6 Average (±SE) Typha density ( a), Typha stem heights (b), Typha biomass (c), Native 
Species Richness (d), Native Species cover (e) and Non-Native Species(P. arundinacea and L. 
salicaria) cover in plots treated with fertilizer (+N, +P, +N/+P) or unfertilized (n=4) for carbon 
treatments of Typha litter addition(Typha), artificial litter addition (Artificial), activated carbon 
addition (Activated) and Typha litter removal with no carbon addition (Removed), further 
described in text. Significant difference between fertilization treatments indicated by different 




























































































































































Figure 3.7 Average (±SE) Typha density ( a), Typha stem heights (b), Typha biomass (c), Native 
Species Richness (d), Native Species cover (e) and Non-Native Species(P. arundinacea and L. 
salicaria) cover in plots treated with fertilizer (+N, +P, +N/+P) or unfertilized (n=4) for carbon 
treatments of sugar addition (Sugar), sawdust addition (Sawdust) or Typha litter removal with 
no carbon addition (Removed), further described in text. Significant difference between 
fertilization treatments indicated by different letters, significant difference between carbon 



















































































































































































 Overall I found that there are many factors influencing the efficacy of Typha control 
efforts, including the method of control, the post-control methods employed and the nutrient 
availability of the system. My investigations help to provide a better understanding of the 
Typha invasion at HANA and potential improvements to control efforts. In the second chapter I 
found that manual control methods were highly successful in eradicating Typha stand in deep 
water pond of A1N but that Typha continued to increase along the edge of the habitat. 
Herbicide spraying was effective in reducing Typha cover but was not successful in eliminating 
the species in Area Two, which will most likely lead to resurgence of Typha and continuing 
efforts and costs. While invasive species are still a concern for future ecosystem functioning of 
the created wetlands, species diversity was equitable between the created deep water ponds 
and the natural wetland at HANA, though the low FQI scores indicated low ecological quality of 
both the mitigated and natural wetlands. Improving the quality of the wetlands will require 
further management of invasive species, both the species currently being controlled for, Typha 
and P. arundinacea, and the two other wetland invasive species, P. australis and L. salicaria, 
which both increased their cover over the study term. Monitoring should be continued and 
surveying should be expanded further into the natural wetlands to provide a more robust and 
thorough analysis of the ecological quality of the wetlands.  
 While investigating the impact of floating Typha debris on water and soil chemistry and 
the growth of Typha and native species, I found no negative impact of Typha debris left after 
control efforts on the functioning or recovery of deep water ponds (Chapter 3). However, it 
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should be noted that no measurements of water or soil chemistry were made prior to control 
so there was no evaluation of effects pre and post-control, and comparisons could only be 
made on variables as they compared to each other within one growing season (A1N) or two 
growing seasons (A1S) after control efforts were made. I found that underground stem biomass 
had a greater effect on the regrowth of Typha than the presence of floating debris but that 
areas with debris had an increased density of native emergent vegetation. The implication that 
Typha debris removal after cutting in deep water habitat is unnecessary for recovery will save 
time and money for managers.   
 My investigation into the impact of nutrient addition on Typha recovery indicated that 
the created wetlands in Area Two are primarily limited by nitrogen with a secondary limitation 
by phosphorus, and showed that fertilization by nitrogen and phosphorus together will 
significantly increase the growth and density of Typha. Limiting nutrient loading into the 
wetlands from runoff will improve control efforts and wetland recovery. My investigation of 
carbon amendment to the soil revealed that the addition of organic carbon (sugar) significantly 
reduce the biomass of Typha in nutrient enriched areas. Though no relationship between 
fertilizer additions and available nitrogen in the soil was found, it should be noted that only a 
subset of the available soil samples were analyzed and a relationship might exist if further work 
was done. Soil analysis did reveal a relationship between soil NO3
- and Typha biomass. These 
data further support the idea that reducing the nitrogen availability will deter the invasion of 
Typha into restored emergent wetlands. Further investigation into timing, application rate and 
method of application is needed to optimize the effects of the control though organic carbon 
addition.   
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 These results improve the efforts of mitigation and control of invasive Typha in 
freshwater restored wetlands. Specifically, I have demonstrated a method for the improvement 
of control through organic carbon addition in the form of sugar and eliminated the need for 
costly removal of Typha debris in deep water habitats. I have also shown that herbicide 
application is less effective than cutting stems coupled with submersion at reducing Typha 
coverage. Each of these is important to the management and recovery of freshwater wetland 
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Appendix 1: Species Identified during habitat survey with Wetland Indicator Status (WIS), 
Physiognomy (Phys.), Coefficient of Conservation (CC) and Wetness Coefficient (WC) 
 
Scientific Name Common Name WIS Phys. CC WC 
Abutilon theophrasti Velvet Leaf UPL Forb 0 5 
Acer negundo Maple, Ashleaf FAC+ Tree 0 -1 
Acer rubrum Maple, Red FAC Tree 1 0 
Acer saccharinum Maple, Silver FACW Tree 2 -3 
Achillea millefolium Yarrow FACU Forb 1 3 
Alisma triviale Plantain, Nothern Water OBL Forb 1 -5 
Ambrosia artemisiifolia Ragweed, Common FACU Forb 0 3 
Arctium lappa Burdock, Great OBL Forb 0 -5 
Artemisia vulgaris Mugwort UPL Forb 0 5 
Asclepias incarnata Milkweed, Swamp OBL Forb 6 -5 
Asclepias syriaca Milkweed, Common UPL Forb 1 5 
Asclepias tuberosa Milkweed, Orange UPL Forb 5 5 
Aster novae-angliae Aster, New England FACW- Forb 3 -2 
Betula papyrifera Birch, White FACU Tree 2 3 
Centarium umbellatum Centaury FAC- Forb 0 1 
Centaurea maculosa Spotted Knapweed UPL Forb 0 5 
Cephalanthus occidentalis Button Bush OBL Shrub 7 -5 
Ceratophyllum demersum Coontail OBL Forb 1 -5 
Chenopodium album Lambsquarter, Common FACU+ Forb 0 2 
Chichorium intybus Chickory UPL Forb 0 5 
Chrysanthemum leucanthemum Daisy, Oxeye FACU- Forb 0 4 
Cirsium vulgare Thistle OBL Forb 0 -5 
Cornus racemosa Dogwood, Panicled FAC- Shrub 1 1 
Cornus sericea Dogwood, Red Osier FACW Shrub 2 -3 
Cotinus coggygria Smoke Bush NI Shrub 0 5 
Cynanchum louiseae Swallowwort, Black FACU Forb 0 3 
Cyperus strigosus Yellow Nutsedge FACW Sedge 1 -3 
Daucus carota Queen Anne's Lace NI Forb 0 5 
Dianthus armeria Deptford Pink NI Forb 0 5 
Dipsacus fullonum Teasel NI Forb 0 5 
Elaeagnus umbellata Autumn Olive FACU Shrub 0 3 
Eleocharis spp. Rush, Spike OBL Sedge 3 -5 
Elodea canadensis Waterweed, Common OBL Forb 1 -5 
Equisetum hyemale Rush, Scouring FACW- Fern Ally 2 -2 
Erigeron strigosus Fleabane, Lesser Daisy FACU+ Forb 4 2 
Fragaria virginiana Strawberry, Common FAC Forb 2 0 
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Scientific Name Common Name WIS Phys. CC WC 
Fraxinus pennslyvanica Ash, Green FAC Tree 2 0 
Galium mollugo Bedstraw, Smooth NI Forb 0 5 
Hieracium canadense Hawkweed, Canada UPL Forb 9 5 
Hypericum perforatum St. Johnswort, Common NI Forb 0 5 
Impatiens capensis Jewelweed FACW Forb 2 -3 
Ipomoea purpurea Morning Glory, Common UPL Forb 0 5 
Juncus effusus Rush, Soft FACW+ Forb 3 -4 
Juncus gerardii Rush, Needle FACW+ Forb 0 -4 
Lactuca scariola Prickly Lettuce FAC- Forb 0 1 
Lemna minor Duckweed, Lesser OBL Forb 5 -5 
Linaria vulgaris Butter and Eggs UPL Forb 0 5 
Lonicera tatarica Honeysuckle, Tartarian FACU+ Shrub 0 2 
Lotus corniculatus Birdsfoot Trefoil FACU Forb 0 3 
Ludwigia palustris Marsh Seedbox FACW Forb 4 -3 
Lychnis alba White Campion FACW Forb 0 -3 
Lycopus americanus Water Horehound OBL Forb 2 -5 
Lysimachia nummularia Creeping Jenny  OBL Forb 0 -5 
Lythrum salicaria Purple Loosestrife FACW+ Forb 0 -4 
Medicago sativa Alfalfa UPL Forb 0 5 
Melilotus alba Clover, White Sweet FACU Forb 0 3 
Melilotus officinalis Clover, Yellow Sweet FACU Forb 0 3 
Myriophyllum aquaticum Water Milfoil OBL Forb 0 -5 
Najas minor Brittle Naiad OBL Forb 0 -5 
Nuphar lutea Yellow Pond Lily OBL Forb 7 -5 
Oxalis stricta Wood Sorrel, Yellow FACU Forb 0 3 
Parthenocissus quinquefolia Virginia Creeper FAC- Vine 5 1 
Phalaris arundinacea Grass, Reed Canary FACW Grass 0 -3 
Phragmites australis Reed, Common FACW Grass 0 -3 
Plantago lanceolata Plantain, English UPL Forb 0 5 
Plantago major Plantain, Common FACU Forb 0 3 
Polygonella lapathifolium Smartweed, Nodding FACW Forb 0 -3 
Polygonum persicaria Lady's Thumb FACW Forb 0 -3 
Pontederia cordata Pickeral Weed OBL Forb 8 -5 
Populus deltiodes Poplar, Eastern FAC Tree 1 0 
Populus tremuloides Poplar, Trembling FACU Tree 1 3 
Potamogetan natans Pondweed, Floating OBL Forb 5 -5 
Potentilla recta Cinquefoil, Rough Fruited NI Forb 0 5 
Prunus pensylvanica Cherry, Pin FACU Tree 3 3 
Quercus bicolor Oak, Swamp White OBL Tree 8 -5 
Ranunculus sceleratus Cursed Buttercup FACW Forb 1 -3 
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Scientific Name Common Name WIS Phys. CC WC 
Rhamnus cathartica Buckthorn, Common UPL Tree 0 5 
Rhus glabra Sumac, Smooth UPL Tree 2 5 
Robinia spp.  Locust NI Tree 0 5 
Rosa multiflora Rose, Multiflora FACU Shrub 0 3 
Rubus occidentalis Raspberry, Black UPL Shrub 1 5 
Rudbeckia hirta Black Eyed Susan FACU- Forb 1 4 
Rumex crispus Dock, Curled FACU Forb 0 3 
Ruppia maritima Widgeon Grass OBL Forb 10 -5 
Sagittaria latifolia Arrowhead, Broadlead OBL Forb 1 -5 
Salix nigra Willow, Black OBL Tree 5 -5 
Scirpus validus Bulrush, Soft-Stem OBL Sedge 4 -5 
Securigera varia Vetch, Crown NI Forb 0 5 
Solanum nigrum Nightshade, Common FAC Forb 1 0 
Solidago canadensis Goldenrod, Canada FACU Forb 1 3 
Solidago odora Goldenrod, Sweet NI Forb 8 5 
Sonchus arcenis Sow Thistle, Field UPL Forb 0 5 
Sonchus asper Sow Thistle, Spiny Leaved FAC Forb 0 0 
Sparganium eurycarpun Bur-reed OBL Forb 5 -5 
Taraxacum officinale Dandelion, Common FACU- Forb 0 4 
Thlaspi arvense Field Penny Cress NI Forb 0 5 
Toxicodendron radicans Poison Ivy FAC Vine 2 0 
Trifolium agrarium Clover, Hop UPL Forb 0 5 
Trifolium hybridium Clover, Alsike FACU- Forb 0 4 
Trifolium pratense Clover, Red FACU- Forb 0 4 
Typha angustifolia Cattail, Narrowleaf OBL Forb 1 -5 
Typha latifolia Cattail, Broadleaf OBL Forb 1 -5 
Ultricularia cornuta Bladderwort, Horned OBL Forb 10 -5 
Verbascum blattaria Mullein, Moth UPL Forb 0 5 
Verbascum thapsus Mullein, Common NI Forb 0 5 
Verbena hastata Vervain, Blue FACW+ Forb 4 -4 
Verbena urticifolia Vervain, White FACU Forb 4 3 
Viburnum acerifolium Arrowwood, Maple-leaved FACU Shrub 6 3 
Vicia cracca Vetch, Cow FACU Forb 0 3 
Viola rotundifolia Violet, Round Leaf FAC Forb 8 0 
Vitis riparia Grape, Riverbank FACW Vine 3 -3 
Wolffia spp. Water Meal OBL Forb 5 -5 
Zizania aquatica Wild Rice OBL Grass 9 -5 
 
 
